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Correct positioning of the cell-division plane is
crucial for cell function in all organisms. The
fission yeast Schizosaccharomyces pombe di-
vides by utilizing an actomyosin-based con-
tractile ring and is an attractive model for the
studyof cytokinesis. Themetazoan anillin-related
protein Mid1p stimulates medial assembly of the
division septum by recruiting actomyosin-ring
components to the medial cortex. Here, we de-
scribe an inhibitory mechanism, involving the
cell-end-localized polarity determinants Tea1p,
Tea4p/Wsh3p, and Pom1p (tip complex), which
prevents division-septum assembly at the cell
ends. While Mid1p and the tip complex are dis-
pensable for cell viability, their simultaneous
loss leads to lethality. The FER/CIP homology
protein Cdc15p, which organizes the acto-
myosin ring and cell membranes during cyto-
kinesis, is a candidate for regulation by the tip
complex. Since dual regulation of division-site
placement is also seen in nematodes, such reg-
ulation might be a general feature of eukaryotic
cytokinesis.
INTRODUCTION
Correct positioning of the cell-division plane is crucial for
cellular integrity and function. The mechanisms position-
ing the plane of cell division have been intensively studied
in prokaryotic and eukaryotic cells (Balasubramanian
et al., 2004). In prokaryotic cells, the cell-division site is
chosen by a series of inhibitory mechanisms that prevent
division-septum assembly at the cell ends and over segre-
gating DNA (Margolin and Bernander, 2004). In animal
cells, division-site selection is thought to require either
the delivery of activators of furrow formation to the medial
cortex (Rappaport, 1961; Somers and Saint, 2003) or the
localized inhibition of negative regulators of furrow forma-
tion at the medial cortex (Canman et al., 2003; White and
Borisy, 1983). Recent studies have provided evidence
for overlapping stimulatory and inhibitory mechanismsDeveloinvolved in cleavage-plane specification inCaenorhabditis
elegans (Bringmann and Hyman, 2005; Dechant and
Glotzer, 2003; Motegi et al., 2006). Whether such overlap-
pingmechanisms coexist in other organisms has not been
addressed. In addition, detailed molecular mechanisms
underlying the stimulatory and inhibitory mechanisms in-
volved in division-site selection are not well understood.
In recent years, S. pombe has emerged as an attractive
model by which to study various aspects of the regulation
of cytokinesis, including the mechanism of division-site
selection (Balasubramanianet al., 2004).S. pombe, like an-
imal cells, divides through the use of an actomyosin-based
contractile ring. In S. pombe, the actomyosin ring is as-
sembled at themedial region of the cell upon entry into mi-
tosis and is positioned such that it overlays the region that
was occupied by the interphase nucleus (Chang et al.,
1996). Thismechanism ensuresmedial assembly of the di-
vision septum. Positioning of the actomyosin ring depends
on the anillin-related protein Mid1p (Chang et al., 1996;
Sohrmann et al., 1996). In the absence of Mid1p function,
actomyosin rings and division septa are positioned at non-
medial sites in the cell. In interphase, Mid1p is detected in
the nucleus and in a cortical band overlying the nucleus
(Bahler et al., 1998; Paoletti and Chang, 2000). The medial
band ofMid1p appears to recruit actomyosin-ring compo-
nents to thecell-division site (Motegi et al., 2004). Thepolo-
family protein kinase Plo1p is required for nuclear export of
Mid1p upon entry into mitosis and is also important for
division-site placement (Bahler et al., 1998). Division-site
selection also depends on the cell-end-localized polarity
factor Pom1p (Bahler and Pringle, 1998).
In this study, we present evidence for an inhibitory
mechanism that prevents division-septum assembly at
cell ends. This mechanism, which we refer to as tip occlu-
sion, requires the function of the cell-end-localized pro-
teins Tea1p, Tea4p, and Pom1p (tip complex). The tip
complex might regulate function of the FER/CIP (FCH)
domain protein Cdc15p (Carnahan and Gould, 2003;
Fankhauser et al., 1995) to achieve tip occlusion.
RESULTS
Division Septa inmid1-Defective Cells Are Occluded
from Cell Ends
To gain a better understanding of the role of Mid1p in
division-site selection, we reinvestigated the phenotypepmental Cell 12, 987–996, June 2007 ª2007 Elsevier Inc. 987
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Inhibition of Septation at Cell Ends in S. pombeFigure 1. Tip-Complex Proteins Inhibit Cell Division at Cell Ends
(A–I) Cells of the indicated genotypes were shifted to 36C for 3.5 hr, fixed, and stained with DAPI and aniline blue to visualize nuclei and septa, re-
spectively. Green arrows identify cells with septa at tips, while green asterisks identify cells with septa that span the long axis. The red arrowhead
indicates a tip septum in mid1D that persists from a previous cytokinesis event.
(J) Time course analysis of septum assembly.mid1-18 andmid1-18 tea1D cells were grown at 24C, synchronized by incubation in hydroxyurea (HU)
for 6 hr, and shifted to 36C after removal of HU. Cells were fixed at various time points and stained with aniline blue. The graph shows the percentage
of cells with tip-associated septa.988 Developmental Cell 12, 987–996, June 2007 ª2007 Elsevier Inc.
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Inhibition of Septation at Cell Ends in S. pombeof themid1-18 (a temperature-sensitive allele) andmid1D
mutants. As previously described (Chang et al., 1996;
Sohrmann et al., 1996), division septa were misplaced
and/or tilted, with a small proportion traversing the long
axis of mid1-18, but not wild-type cells cultured at 36C
(Figures 1A and 1B). Interestingly, aniline blue staining of
cell wall b-glucans revealed that the division septa rarely
assembled at the hemispherical part of the cell ends in
mid1-18 andmid1D cells (Figures 1B and 1C; hemispher-
ical ends are demarcated by a dotted line and are within
2 mm from cell ends). Septal deposits observed at the
cell ends in some cells appeared to have arisen from in-
complete resolution of septa from the previous cell cycle
(marked with an arrowhead in Figure 1C). These observa-
tions suggest that althoughMid1p is important for septum
positioning, additional inhibitory mechanisms, which we
term as tip occlusion, prevent septum assembly at the
hemispherical cell ends.
Polarity Factors Tea1p, Tea4p, and Pom1p
Are Required for Tip Occlusion
We hypothesized that some cell-end-localized factors
might be responsible for tip occlusion. Although several
cell-end-localized polarity determinants have been identi-
fied, none of them, with the exception of Pom1p (Bahler
and Pringle, 1998), have been described to affect division-
site selection (Figures 1D and 1E; Figure S1A, see the Sup-
plemental Data available with this article online). We there-
fore tested whether loss of cell-end-localized molecules in
conjunction with loss of Mid1p leads to deposition of the
division septa at the cell ends. To this end, we created dou-
ble mutants lacking mid1 and one of six cell-end-localized
polarity factors, tea1 (kelch-repeat protein), tea2 (plus-
end-directed kinesin), tea4 (SH3-domain protein), pom1
(Dyrk-family protein kinase), mod5 (Tea1p receptor), and
bud6 (related to actin-binding protein AIP3) (Bahler and
Pringle, 1998; Chang et al., 2005; Martin et al., 2005; Mata
andNurse,1997;Tatebeetal., 2005).Thesepolaritymutants
were chosen since cells lacking Pom1p, a key regulator of
this polarization apparatus, misplace the division site.
Double mutants of the genotypes mid1-18 tea1D,
mid1-18 pom1D (Bahler and Pringle, 1998), and mid1-18
tea4D were inviable at 36C, a temperature at which all
of the single mutants could proliferate (data not shown).
A synthetic lethal interaction was also detected at lower
temperatures, such as at 24C, when null mutants of
mid1 (mid1D) were combined with tip-complex mutants
(data not shown). Interestingly, division septa were de-
tected at the hemispherical cell ends in the vast majority
of mid1-18 tea1D, mid1-18 tea4D, and mid1-18 pom1D
cells (Figures 1F–1H; Figure S1A). Two major defects
were observed in these doublemutants (Figure S1A). First,
cells were found to assemble one or two septa at the
extreme cell ends (Figures 1F–1H, marked with green
arrows). Second, division septa that appeared to beDeveloanchored to one or both cell ends and traversed the
long axis were observed (Figures 1F–1H; marked with
a green asterisk). Such phenotypes were not detected in
any of the single mutants, with the exception of pom1D,
and were less frequently detected in mid1-18 bud6D,
mid1-18 tea2D, andmid1-18mod5D double mutants (Fig-
ures 1E and 1I; Figure S1A). Collectively, these experi-
ments suggest that Tea1p, Tea4p, and Pom1p function
to prevent division-septum assembly at the cell ends in
cells defective for Mid1p. The weak effect observed with
tea2D, bud6D, and mod5D might suggest that these pro-
teins are not critical for tip occlusion, but might enhance
this process. Tea1p and Tea4p are detected at the cell
ends as well as at the growing ends of microtubules (Mar-
tin et al., 2005; Mata and Nurse, 1997). Additional experi-
ments with an allele of Tea1p that fails to localize to cell
ends (Figures S1A and S1B) suggest that the cell-end-
localized Tea1pmight bemore important for tip occlusion.
It was possible that some of the tip septa observed in
mid1-18 tea1D cells might have persisted from a previous
cytokinesis event. To test this idea, synchronous cultures
of mid1-18 and mid1-18 tea1D were shifted to 36C, and
the number of cells with tip septa was quantitated
(Figure 1J; Figure S1C). Over 85% of mid1-18 tea1D cells
assembled tip septa after a shift to the restrictive temper-
ature, while tip septa were not detected in mid1-18 cells.
These and other studies described in subsequent sections
established that the septa were indeed assembled at the
cell ends in mid1-18 tea1D cells.
To ascertain if the septa at the cell ends formed as a
result of membrane invagination and septum synthesis
therein (as opposed to an excessive deposition of septum
material around the cell ends, without any physical con-
nection to the cell ends),mid1-18 andmid1-18 tea1D cells
were stained with the membrane-sterol-binding dye filipin
(Wachtler et al., 2003). Membrane invaginations were not
observed at the cell ends in mid1-18 single mutants
(Figure 1K), but they were clearly visible in mid1-18
tea1D cells (Figure 1L; invaginations are marked with
asterisks). These experiments indicate that the tip-associ-
ated septa are likely to have resulted from the constriction
of an actomyosin ring at the vicinity of the cell end and
concomitant formation of tip-anchored septa.
The Tip Complex Prevents Division-Septum
Assembly at Cell Ends
To understand the mechanism of tip occlusion, we first
imaged the dynamics of the actomyosin ring in wild-type
and mutant cells by using GFP-tagged myosin regulatory
light chain (Rlc1p-GFP) as amarker.Wild-type (Figure S2A)
and tea1D (Figure S2B) cells assembled medial actomyo-
sin rings. Actomyosin rings were seen to assemble away
from the medial region of the cell (in the vicinity of the
cell ends; marked with asterisks) in the mid1-18 and
mid1-18 tea1D double mutants (Figure 2). Actomyosin(K and L) Membrane organization in mid1-18 and mid1-18 tea1D cells. Cells of the indicated genotypes were shifted to 36C and stained for
membrane sterols with filipin. Red asterisks identify tip-anchored membrane invaginations and septa.
The scale bar is 5 mm.pmental Cell 12, 987–996, June 2007 ª2007 Elsevier Inc. 989
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Inhibition of Septation at Cell Ends in S. pombeFigure 2. Actomyosin Ring Retention and Septum Assembly at the Cell Ends in the Absence of Mid1p and Tip-Complex Proteins
Cells of the indicated genotypes, expressing Rlc1p-GFP, were imaged by confocal microscopy at 36C. The top two panels (two cells of mid1-18
Rlc1p-GFP and three cells ofmid1-18 tea1D Rlc1p-GFP) show the dynamics of the actomyosin ring. In themid1-18 panel, asterisks denote assembly
of actomyosin rings near cell ends, whereas the arrowheads in themid1-18 tea1D panel indicate ring constriction relative to the cell ends. In the bot-
tom panel (mid1-18 tea1D cell wall), assembly of aberrant septa inmid1-18 tea1D cells wasmonitored by time-lapse microscopy of cells grown in the
presence of aniline blue. A cell in which the septum does not appreciably trail the long axis is indicated with an asterisk. Elapsed time is shown in
minutes.990 Developmental Cell 12, 987–996, June 2007 ª2007 Elsevier Inc.
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Inhibition of Septation at Cell Ends in S. pomberings that assembled near the ends of mid1-18 cells (Fig-
ure 2;mid1-18 panel marked with asterisks) eventually mi-
grated away from the ends, and septation did not occur at
the ends of these cells. In contrast, nonmedial actomyosin
rings in mid1-18 tea1D cells appeared to remain at the
hemispherical cell ends and trailed the long axis (>80%,
n = 26; three examples shown in Figure 2), eventually lead-
ing to its constriction in the long axis (Figure 2, mid1-18
tea1D panel; see the position of arrowheads, relative to
cell ends). In some instances, particularly evident in
mid1-18 tea4D cells (Figure S2C), and less frequently in
mid1-18 tea1D cells (data not shown), actomyosin rings
assembled at the cell ends and underwent constriction
immediately without trailing the long axis of the cell, which
might have resulted from a relatively more rapid compac-
tion of the ring. Such a constriction event led to a tightly
organized septum at the cell end. Collectively, these ex-
periments suggest that under conditions of actomyosin-
ring assembly near the cell ends, tip-complex polarity fac-
tors prevent retention of the actomyosin rings and septum
assembly at the cell ends.
In S. pombe, assembly of the division septum is linked
to constriction of the actomyosin ring. Recent studies
have shown that in the absence of septum assembly, fully
formed actomyosin rings canmigrate to different locations
(Pardo and Nurse, 2003), suggesting that the division sep-
tum ‘‘anchors’’ the constricting actomyosin ring to the di-
vision plane. It was therefore possible that themigration of
actomyosin rings away from cell ends was a result of tip-
complex-mediated inhibition of division-septum assembly
at cell ends in mid1-18 cells. Division-septum assembly
requires the function of Cps1p (Liu et al., 2002), an integral
membrane protein that localizes to the vicinity of the acto-
myosin ring. We therefore compared the localization of
GFP-Cps1p to that of Rlc1p-GFP in mid1-18 and mid1-18
tea1D cells (Figures S3A and S3B). Whereas Rlc1-GFP
was readily detected in cable-like structures at the cell
ends in mid1-18 and mid1-18 tea1D cells, GFP-Cps1p
was detected in cables at the cell ends in mid1-18 tea1D
cells, but not in mid1-18 cells. Time-lapse imaging of
GFP-Cps1p failed to provide evidence for the presence
of Cps1p in cables at the cell ends in mid1-18 cells, al-
though such cables were readily visualized in mid1-18
tea1D cells (Figures S3C and S3D).
We then characterized the formation of division septa in
mid1-18 and mid1-18 tea1D cells by time-lapse micros-
copy. To this end, wild-type, mid1-18 (Figures S2D and
S2E), and mid1-18 tea1D cells (Figure 2; cell wall panel)
were grown in the presence of aniline blue, a b-glucan-
binding compound. Division septa did not assemble at
the cell ends in mid1-18 cells. In the majority of mid1-18
tea1D cells (9/12), however, division septa initiated at the
cell ends and subsequently spanned the long axis (three
examples shown in Figure 2). In one case, a tip-assembled
septum that did not trail the long axis was observed (Fig-
ure 2; asterisks). These experiments revealed that the
septa are preferentially initiated at the ends of mid1-18
tea1D cells. Collectively, time-lapse imaging revealed
that although actomyosin rings are initiated at the cellDeveloends in mid1-18 and mid1-18 tea1D cells, localization of
Cps1p to actomyosin cables at the cell ends and assem-
bly of the division septa at cell ends are inhibited in the
presence of the tip complex.
Compromising Cdc15p Function Restores Tip
Occlusion in mid1-18 tea1D Cells
We then sought to gain a molecular understanding of the
mechanism by which the tip complex prevents actomyo-
sin-ring retention and division-septum assembly at the
cell ends. We focused our attention on the FER/CIP
(FCH) domain-containing protein Cdc15p, which is essen-
tial for actomyosin-ring maintenance, Cps1p localization,
and division-septum assembly. Cdc15p has been shown
to localize to cell ends during interphase and to the cell
ends and the actomyosin ring during cytokinesis (Figures
3A and 3B; Figure S4A) (Carnahan and Gould, 2003; Fank-
hauser et al., 1995). Cdc15p was able to localize to the cell
ends, both in the presence and absence of tip-complex
proteins (Figures 3A and 3B; data shown for tea1D, but
not for pom1D and tea4D). Localization of both N- and
C-terminally tagged Cdc15pwas unaffected in tea1D cells
(Figures 3A and 3B; Figure S4A).
Cdc15p is essential for actomyosin-ring maintenance
and septum assembly and localizes to actomyosin rings
and cell ends. We therefore considered the possibility
that the retention of actomyosin rings and assembly of
septa at the cell ends, in mid1-18 tea1D cells, might de-
pend onCdc15p. If thiswere the case,mid1-18 tea1D cells
compromised for cdc15 function should not be able to as-
semble septa at cell ends. However, the construction of
such a strain was complicated since Cdc15p is essential
for cell viability and all conditional alleles abolish the ability
of cells to maintain actomyosin rings and assemble septa.
We had independently established that fusion of GFP to
the C terminus of Cdc15p compromised its function in cell
division (Figure S4B), thereby generating a hypomorphic
allele of cdc15 (referred to as cdc15-gc1). With the avail-
ability of this cdc15 allele, we created a strain of the geno-
type mid1-18 tea1D cdc15-gc1 to assess the role of
Cdc15p in septum assembly at cell ends. At the restrictive
temperature, as described previously, over 85% of
mid1-18 tea1D cells accumulated extensive tip septa. In-
terestingly, assembly of septa at cell ends was observed
in less than 8%of themid1-18 tea1D cdc15-gc1 triple mu-
tant and, as expected, was not detected in the mid1-18
single mutant (Figures 3C and 3D). These experiments es-
tablish that partial loss of Cdc15p function was sufficient
to prevent septum assembly at cell ends in mid1-18
tea1D cells, although septum assembly elsewhere was
not affected. Suppression of tip septation was also ob-
served when the HA epitope was placed downstream of
Cdc15p (data not shown). However, compromise of func-
tion of several other actomyosin-ring components (Rlc1p,
Fim1p, Ain1p, Myp2p, Rng2p, Cdc12p, F-actin), by dele-
tion of the corresponding genes, by introduction of epi-
topes at the N or C termini, or by treatment with drugs,
did not restore tip occlusion in mid1-18 tea1D cells
(Figure S4C). Introduction of cdc15-gc1 did not correctpmental Cell 12, 987–996, June 2007 ª2007 Elsevier Inc. 991
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Inhibition of Septation at Cell Ends in S. pombeFigure 3. The Localization of Cdc15p Is Independent of Tea1p, and Partial Loss of Cdc15p Function Restores Tip Occlusion in
mid1-18 tea1D Cells
(A and B) Wild-type and tea1D cells expressing (A) N- or (B) C-terminally GFP-tagged Cdc15p were grown at 30C and imaged by fluorescence
microscopy.
(C and D) Restoration of tip occlusion inmid1-18 tea1D cdc15-gc1 cells.mid1-18,mid1-18 tea1D, andmid1-18 tea1D cdc15-gc1 cells were shifted to
36C for 4 hr, fixed, and stained with DAPI and aniline blue to visualize nuclei and septa respectively. Quantitation of cells with tip-localized septa is
shown in (C), and representative images are shown in (D).992 Developmental Cell 12, 987–996, June 2007 ª2007 Elsevier Inc.
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Inhibition of Septation at Cell Ends in S. pombethe septum-positioning defect ofmid1-18 cells, but it cor-
rected the orientation of septa in mid1-18 and mid1-18
tea1D cells (Figure S4D).
We considered two possible explanations for the near-
complete elimination of tip septa in mid1-18 tea1D
cdc15-gc1 cells. First, it is possible that actomyosin rings
were assembled away from the cell ends in the mid1-18
tea1D cdc15-gc1 triple mutant (equivalent to partial sup-
pression of the defect ofmid1-18 in ring placement). Sec-
ond, it is possible that actomyosin rings assembled near
the cell ends in these triple mutants, as in the case of
mid1-18 and mid1-18 tea1D cells. However, unlike in
mid1-18 tea1D cells, and as in the case of themid1-18 sin-
gle mutant, septum assembly at the ends might be com-
promised (equivalent to suppression of the defect of
tea1D in tip occlusion). To distinguish between these pos-
sibilities, cells of the genotypes mid1-18, mid1-18 tea1D,
andmid1-18 tea1D cdc15-gc1 were shifted to the restric-
tive temperature, fixed, and stained with antibodies
against the myosin light chain Cdc4p. Actomyosin rings
were readily observed at the cell ends in mid1-18 tea1D
cdc15-gc1 cells (Figures 3Eand3F;markedwith an arrow-
head), suggesting that the deposition of septa away from
the cell ends in these strains was not due to assembly of
ringsaway fromcell ends.Rather, it appeared that actomy-
osin rings were not retained at the cell ends in mid1-18
tea1D cdc15-gc1 cells. To test if this was the case, we
studied the dynamics of the actomyosin ring in mid1-18
tea1D cdc15-gc1 cells (Figure 3G). Consistent with the
previous data, actomyosin rings assembled near the cell
ends (marked with arrowheads in Figure 3G) in all cells
imaged (n > 12), although these rings were not retained
therein. Constriction of the actomyosin ring and septum
assembly ensued after migration of the actomyosin rings
away from the cell ends inmid1-18 tea1D cdc15-gc1 cells.
Similar results were obtained inmid1-18 tea1D cdc15-HA
cells expressing Rlc1p-GFP as a ring marker (data not
shown). These experiments establish that compromise of
Cdc15p function was sufficient to restore tip occlusion in
mid1-18 tea1D cells. The orthogonal orientation of septa
inmid1-18 cdc15-gc1 andmid1-18 tea1D cdc15-gc1 cells
might indicate the ability of the actomyosin ring to assume
an orthogonal orientation upon delays in septum assem-
bly. Introduction of cdc15-gc1 did not rescue the lethality
ofmid1-18 tea1D cells, due to the accumulation ofmultiple
nuclei in the same compartment of the cell (Figure S4E).
Tip Occlusion Is Important for Fidelity of Cytokinesis
in Smaller Cells
We then sought to identify physiological conditions in
which tip occlusion played a role in division-site place-Develoment. The position of the division site in wild-type cells is
dictated by the medial band of Mid1p (Figure 4A), whose
width corresponds with the diameter of the nucleus
(Paoletti and Chang, 2000). We therefore reasoned that,
in smaller cells, in which the cell ends constitute a larger
fraction of the cell cortex, tip occlusion might play a role
in division-site placement. To test if this is the case, we
quantitated the position of the division site in wee1-50
mutants (Nurse, 1975) and in wee1D, wee1-50 tea1D,
and wee1D tea1D cells. Cells lacking Wee1p divide at
a cell length of 7–10 mm, and in these cells Mid1p localizes
into a broader zone, including at cell ends (Figure 4B;
marked with asterisks). Strikingly, wee1-50 tea1D cells
displayed an additive deleterious interaction (data not
shown), and, unlike in the wee1-50 single mutant (Figures
4C and 4D), a high proportion of wee1-50 tea1D cells dis-
played a septum that ran along the long axis (arrowhead in
Figure 4C). As in the case with mid1-18 tea1D, tip occlu-
sion was restored in wee1-50 tea1D cells upon introduc-
tion of cdc15-gc1 (Figures 4C and 4D). Growth of tea1D
cells in medium containing a poor nitrogen source such
as proline, to reduce cell size at division, also resulted
in septum-positioning defects (Figures S5A and S5B).
Thus, tip occlusion might play a role in positioning of the
division site in the presence of Mid1p, for example,
when rings are placed near cell ends. Additional experi-
ments (Figures S5C–S5E) revealed that the absence of
tip occlusion led to cell lysis and lethality due to a failure
of growth after cytokinesis.
DISCUSSION
In many cell types, establishment of the plane of cytokine-
sis occurs either via stimulatory mechanisms that deliver
cleavage-furrow inducers to the cell cortex or by local in-
hibition of negative regulators of furrow formation at the
cell cortex. While these mechanisms have usually been
considered in isolation, results presented in this study,
and in nematodes (Bringmann and Hyman, 2005; Dechant
and Glotzer, 2003; Motegi et al., 2006), suggest that stim-
ulatory and inhibitory mechanisms can occur simulta-
neously. Such dual regulation of cytokinesis by using inde-
pendent mechanisms might ensure fidelity of cytokinesis
under a variety of developmental and environmental con-
ditions.
The stimulatorymechanism inS. pombedepends on the
anillin-related proteinMid1p,which links the position of the
G2 nucleus to the medial assembly of the actomyosin ring
(Chang et al., 1996; Sohrmann et al., 1996). Mid1p assem-
bles into a cortical band that serves to recruit several com-
ponents of the actomyosin ring to the division site (Paoletti(E–G)mid1-18 tea1D cdc15-gc1 cells assemble actomyosin rings at the cell ends, but they septate after the migration of actomyosin rings away from
the cell ends.mid1-18,mid1-18 tea1D, andmid1-18 tea1D cdc15-gc1 cells were shifted to 36C for 2.5 hr, fixed, and stained with DAPI and Cdc4p
antiserum to visualize nuclei and actomyosin rings, respectively. A merged image of actomyosin rings and nuclei ofmid1-18 tea1D cdc15-gc1 cells is
shown in (E), in which the arrowhead indicates the presence of a ring at the cell end. (F) shows quantitation of actomyosin rings at the cell ends in
mid1-18,mid1-18 tea1D, andmid1-18 tea1D cdc15-gc1 cells. (G) shows time-lapse imaging ofmid1-18 tea1D cdc15-gc1 cells at 36C. The arrow-
head indicates the presence of an actomyosin ring at the cell end. Note that the Cdc15p-GFP itself served as a marker for the actomyosin ring.
Elapsed time is shown in minutes.
The scale bars are 5 mm.pmental Cell 12, 987–996, June 2007 ª2007 Elsevier Inc. 993
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Inhibition of Septation at Cell Ends in S. pombeFigure 4. Physiological Roles for Tip Occlusion and a Model for Tip Occlusion
(A and B) Mid1p-GFP localization in (A) wild-type and (B) wee1 mutants. Asterisks indicate mislocalized Mid1p cortical patches.
(C and D) The tip complex increases the fidelity of division-site selection in smallermid1+ cells. Cells of the indicated genotypes were grown at 25C,
shifted to 36C for 3 hr, fixed, and stained as described in the legend to Figure 1. Quantitation of septal locations is shown in (D). A total of 500 cells
were counted in each case. The scale bar is 5 mm.
(E) A model for tip occlusion. The cortical band of Mid1p recruits actomyosin-ring components to the medial region of the cell. In tip occlusion, the tip
complex prevents actomyosin-ring retention, Cps1p localization, and septum assembly at the cell ends. Cdc15p is a candidate for regulation by the
tip complex to achieve tip occlusion.and Chang, 2000; Sohrmann et al., 1996). The inhibitory
mechanism requires the tip-localized polarity factors
Tea1p, Tea4p, and Pom1p and ensures that the division
septa are occluded from the cell ends. Whereas the
Mid1p-based primary mechanism is usually sufficient for
the fidelity of actomyosin-ring positioning, tip occlusion
appears to function under specific conditions, such as in
cells lackingMid1p, in cells of reduced size, and, possibly,
in cells with altered morphologies (Ge et al., 2005). While
one of these two mechanisms is sufficient for cell viability,
the absence of both mechanisms results in lethality since
growth after cytokinesis is impeded due to the presence
of division septa at the cellular growth zones.
While our study uncovers an essential role for Pom1p
(and the tip complex) in cells lacking Mid1p, Pom1p also994 Developmental Cell 12, 987–996, June 2007 ª2007 Elsevierplays an independent role in regulating localization of
Mid1p (Celton-Morizur et al., 2006; Padte et al., 2006).
Mid1p localizes to nongrowing ends of cells lacking
Pom1p, leading to ring and septum assembly near the
nongrowing ends. However, tip septa are found in less
than 25% of pom1D cells. In contrast, simultaneous loss
of Mid1p and Pom1p (or other tip-complex members)
leads to ring assembly at the growing ends of the cell
(data not shown) and leads to lethality due to the assembly
of tip septa in over 90% of cells. Thus, the tip complex
might have Mid1p-dependent and -independent roles in
the regulation of cytokinesis, and the tip complex, in
a Mid1p-independent manner, might directly regulate
components involved in actomyosin-ring and/or septum
assembly.Inc.
Developmental Cell
Inhibition of Septation at Cell Ends in S. pombeTea1p, Tea4p, and Pom1p are important for tip occlu-
sion and function in a single pathway (based on double
mutant analysis; data not shown). Since localization of
the Pom1p kinase depends on Tea1p and Tea4p (Bahler
and Pringle, 1998; Tatebe et al., 2005), it is likely that tip
occlusion is controlled via Pom1p. Reduction of function
of the FCH protein Cdc15p is sufficient to prevent septum
assembly at the cell ends (Figure 4E), suggesting that
Cdc15p and/or associated factors might be regulated by
the tip complex to achieve tip occlusion. Cdc15p is a
multidomain protein with an ability to interact with cell
membranes (Takeda et al., 2004), the formin Cdc12p
(Carnahan and Gould, 2003), and the Arp2/3-complex ac-
tivators Wsp1p and Myo1p (Carnahan and Gould, 2003).
Cdc15p is required for the maintenance of actomyosin
rings (Takeda et al., 2004; Wachtler et al., 2006), the orga-
nization of membranes and membrane proteins (such as
Cps1p) during cytokinesis (Liu et al., 2002), and septum
assembly. We have shown that the tip complex prevents
assembly of Cps1p into actomyosin cables in the vicinity
of the cell ends, thereby preventing division-septum as-
sembly therein. It is possible that Cdc15p is modified by
the tip complex and rendered incapable of organizing
membranes and Cps1p to actomyosin cables at cell
ends, leading to a delay in septum assembly. A delay in
septum assembly might increase the probability of the
ring assuming an orthogonal organization away from cell
ends, thereby leading to tip occlusion.
While the molecular mechanisms of division-site se-
lection vary in different cell types, further analysis of
S. pombe tip occlusion should provide valuable insight
into common themes regulating cytokinesis. For example,
prevention of cytokinesis at cell ends by utilizing micro-
tubule-based factors is akin to the astral relaxation-like
mechanisms, which have been described in animal cells
(Balasubramanian et al., 2004). Prevention of septum as-
sembly at the cell ends in S. pombe is also reminiscent
of the Min-system-mediated prevention of cell division
and the FtsZ-ring assembly at the ends of bacterial cells
(Margolin and Bernander, 2004).
EXPERIMENTAL PROCEDURES
Yeast Strains and Methodology
The fission yeast strains used in this study are listed in Table S1. Con-
ventional fission yeast genetic and molecular biology techniques were
performed as described (Moreno et al., 1991).
Microscopy
Cells were fixed and stained with aniline blue, DAPI, and Cdc4p anti-
bodies as described (Moreno et al., 1991). Live cell imaging and fluo-
rescence microscopy were performed as described (Tran et al., 2004).
Supplemental Data
Supplemental Data include Figures S1–S5 and Table S1 and are avail-
able at http://www.developmentalcell.com/cgi/content/full/12/6/987/
DC1/.
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